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INTERACTIVE METHOD FOR REAL-TIME DISPLAYING, QUERYING 
AND FORECASTING DRILLING EVENT AND HAZARD 

INFORMATION 

5 FIELD OF THE INVENTION 

The invention is related generally to the field of drilling wellbores through 
earth formations. More specifically, the invention is related to methods for 
identifying drilling hazards, assessing the likely consequences of the hazards, and 
adjusting a well plan to reduce the consequences of the hazards. 

10 BACKGROUND OF THE INVENTION 

Wellbore drilling through earth formations for extracting fluids includes 
making a well plan or prognosis prior to starting drilling. A well plan generally 
includes the spatial position of earth formations that the wellbore is to penetrate, 
the path or trajectory of the wellbore fi-om the earth's surface to the prospectively 

15 penetrated formations, and the depths in the wellbore, and sizes thereof, of 
protective pipe, or casing, which is used to protect the penetrated formations and 
to provide a conduit for formation fluids to flow to the earth's surface. 

The ultimately planned wellbore trajectory depends on, among other 
factors, available drilling locations at the earth's surface (or the geographic 

20 location of a drilling vessel or drilling platform in offshore wells), and the relative 
spatial positions of the prospectively drilled formations. The casing depths depend 
on, among other factors, fluid pressures in the pore spaces of all the permeable 
formations to be drilled along the trajectory, formation fracture pressures and 
mechanical properties, and the ultimate depth and lateral extent of the wellbore. 

25 In developing a well plan, a wellbore designer takes into account the 

possibility that the formations to be penetrated have excessive fluid pressure in the 
pore spaces, and whether exposed (already drilled), but shallower depth 
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formations, are able to withstand (avoid fracturing by) hydrostatic pressure needed 
in the wellbore to control such excess pressures. Failure to withstand the 
hydrostatic pressure in the wellbore may result in loss of drilling fluid ("lost 
circulation"). Similarly, the well designer must consider whether exposed 
5 formations have fluid pressure such that control of higher pressure formations in 
the wellbore may increase the risk of having a drilling assembly become stuck in 
the wellbore due to differential fluid pressure across the lower pressure formations 
("stuck pipe"). Other causes of stuck pipe can include caving of susceptible 
formations, which may result from chemical interaction of the formation with 

10 components of the drilling fluid, or from penetrating a formation having high 
mechanical stresses therein. 

Failure to have sufficient hydrostatic pressure in the wellbore when drilling 
through certain formations may result in fluid influx to the wellbore (taking a 
"kick"). Taking a kick can be dangerous, particularly when the kick includes large 

15 quantities of gas, because hydrostatic pressure can be fiirther reduced in the 
wellbore, causing consequent increase in influx. The ultimate result may be a 
"blowout" or uncontrolled discharge of fluid from the wellbore, or the kick may 
ultimately fracture a shallower, weaker formation. 

Mechanical properties of the formations to be drilled, in combination with 

20 the well trajectory, can affect the dynamic response of the drilling assembly. In 
some cases, drill bits can wear out prematurely, or excessive vibrations in the 
drilling assembly can result in catastrophic component failure during wellbore 
drilling. 

Undesirable occurrences during drilling, such as the foregoing examples, 
25 may be broadly characterized as "drilling hazards". In developing a well plan 
according to prior art methods, the wellbore designer uses available information 
about the subsurface earth formations and the proposed trajectory to avoid hazards 
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which are known to exist or which have a very high probability of being 
encountered during driUing. For example, drilling through certain formations with 
insufficient hydrostatic pressure in the wellbore will most likely result in taking a 
kick in those formations. Prior art wellbore design techniques to avoid kicks 

5 include having sufficient hydrostatic pressure in the wellbore when drilling 
through such formations, while making sure that the hydrostatic pressure does not 
exceed estimated fracture pressure of any exposed earth formations. Information 
used in wellbore design to avoid known hazards includes earth formation 
characterization information, such as well logs and cuttings analysis from other 

10 wellbores in the vicinity of the proposed wellbore, surface seismic surveys, and 
formation pressure and/or production tests from nearby wellbores. For proposed 
wellbores for which such data are unavailable, the wellbore designer may use 
surface seismic survey information to estimate formation fluid pressures and 
depths at which such formations may be penetrated. Data from wellbores drilled 

15 in more distant areas may also be used where formation mechanical properties are 
to be estimated for the prospective wellbore. 

A limitation of prior art wellbore design techniques is that drilling hazards 
are generally characterized as either existing or not with respect to a particular 
proposed wellbore design. A proposed wellbore design which is determined to 

20 almost certainly have such a drilling hazard may be adjusted by the wellbore 
designer to avoid the hazard. Similarly, wellbores being actively drilled may give 
indication of the near certainty of encountering a drilling hazard, which may result 
in a while-drilling modification to the well plan. Data acquired during drilling, 
such as from measurement-while-drilling and logging-while-drilling instruments 

25 may be used to adjust the well plan when an otherwise unforeseen drilling hazard 
is identified to high probability of occurrence. Actually encountering a drilling 
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hazard typically results in at least some additional time and expense rectifying the 
damage from encountering the hazard. 

In each of these situations, the wellbore designer does not have the ability, 
using prior art techniques, to determine the probability of encountering a drilling 
5 hazard for any particular well plan, to determine the likely severity of the 
consequences if such a hazard is encountered, and the magnitude of the economic 
cost or work cost necessary to repair any damage caused by encountering the 
drilling hazard. 

Prior art drilling performance evaluation systems generally include methods 

10 for simulating the penetration of a bit through earth formations having selected 
mechanical properties, where selected drilling assembly and drilling operating 
parameters are entered into the system. The prior art systems provide a well 
designer with some ability to optimize the design of the drilling assembly and the 
operating parameters for particular types of earth formations. Typical prior art 

15 drilling evaluation and analysis systems are described, for example, in U. S. 

Patents nos. 6,021,377 issued to Dubinsky et al; 6,109,368 issued to Goldman et 
al; 5,704,436 issued to Smith et al; 5,794,720 issued to Smith et al; 5,318,136 
issued to Rowsell et al; 6,002,985 issued to Stephenson; 5,730,234 issued to Putot; 
and 5,812,068 issued to Wisler et al. See also, D. Dashevskly et al. Application of 

20 Neural Networks for Predictive Control in Drilling Dynamics, paper no. 56442, 
Society of Petroleum Engineers, Richardson, TX (1999). None of the prior art 
describes any method or system for characterizing the risk and consequences of 
encountering drilling hazards. 

Another technique for characterizing drilling hazards known in the art is 

25 called "3-D visualization". Generally speaking, a number of different types of 

geophysical interpretation, such as seismic, well log analysis, cuttings analysis and 
prior well histories are included in a common model of earth formations in the 



4 



PATENT APPLICATION 
ATTORNEY DOCKET NO. 19.0299 US NP 
)R&0 REF 09428/026001) 

area surrounding a well to be drilled. The common earth model can be displayed 
in any one of a number of three dimensional computer generated graphic forms. 
Various proposed wellbore trajectories may be inserted onto the computer graphic 
representation. A description of 3-D visualization as is relates to wellbore 

5 planning can be found, for example, in, J. Holt et al, Mungo Field: Improved 
Communication through 3D Visualization of Drilling Problems^ paper no. 62523, 
Society of Petroleum Engineers, Richardson, TX (2000). 3-D visualization 
techniques known in the art do not have the capability of predicting drilling 
hazards, so their usefulness is generally limited to the visualization itself 

10 What is needed is a system which enables a well designer to determine, 

from any one or more of a plurality of data sources, potential drilling hazards in a 
prospective wellbore, and for each of these hazards, a determination of the 
likelihood that each such hazard will be encountered, and a likely magnitude of 
consequences of encountering the hazard or the severity of the hazard. It is also 

15 desirable to have a system which may include data obtained during drilling of a 
wellbore which enables redetermination of the foregoing aspects of possible 
drilling hazards, and enables a wellbore designer to enter changes to a well plan 
therein to evaluate the likely effect of these changes in the well plan. Finally, it is 
desirable to have a system which enables a wellbore designer to optimize a well 

20 plan with respect to most likely consequences of encountering certain drilling 
hazards. 



SUMMARY OF THE INVENTION 

One aspect of the invention is a method is for characterizing a drilling 
hazard. The method according to this aspect of the invention includes determining 
25 a well plan. The well plan includes a wellbore trajectory. A likelihood of 
occurrence of at least one drilling hazard is estimated. A severity of the at least 
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one drilling hazard is estimated. The hazard is displayed on a representation of the 
wellbore trajectory, by indicating thereon the likelihood and severity at the 
location of the hazard. 

Another aspect of the invention is a method for optimizing a well plan, the 
5 method according to this aspect of the invention includes selecting an initial well 
plan having at least a wellbore trajectory. For the initial well plan, a position, 
likelihood, and severity of at least one drilling hazard are determined. At least one 
parameter of the initial well plan is changed, and the position, likelihood and 
severity of the at least one drilling hazard are recalculated. The changing and 

10 redetermining process is repeated in the planning of the wellbore until at least one 
of a most likely cost to drill a wellbore, an amount of lost time and a likelihood of 
encountering the at least one drilling hazard is minimized. In some embodiments 
of a method according to this aspect of the invention, the updating and refining of 
the well plan can be performed as the well is being drilled by using measurements 

15 obtained during drilling of the well. In some embodiments, the updating and 
refining of the well plan can be performed as the well is being drilled, in "Relevant 
Real Time" Where Relevant Real Time means that the updates are made in the 
time frame in which well planning and/or execution decisions need to be made. 

Other aspects and advantages of the invention will be apparent fi-om the 

20 following description and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a flow chart which describes the general fi-amework in 
which the invention is used in well planning. 

Figure 2 shows a flow chart of one example of using a method according to 
25 the invention to adjust a well plan in response to changes in drilling hazard risk. 
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Figure 3 shows a flow chart of one example of updating a database used to 
calculate drilling hazard risk in response to new data on drilling hazards. 

Figure 4 show a flow chart of one example of updating a shared earth 
model using offset well data and data acquired during drilling of a wellbore. 
5 Figure 5 shows a depth track forming part of one example of a display 

according to a method of the invention. 

Figure 6 shows one example of a drilUng hazard display calculated 
according to a method of the invention. 

Figure 7 shows a corresponding textual description of drilling hazards 
10 displayed in graphic form as in Figure 6. 

Figure 8 shows one example of a wellbore stability plot according to a 
method of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

In its most general terms, the invention provides a framework to predict the 
15 likelihood of encountering, the severity of effect if encountered, and the most 
probable cost to remedy effects of encountering hazards during the drilling of a 
planned wellbore. Determination of these factors for each such drilling hazard is 
referred to herein for convenience as characterization of the drilling hazards. 
Types of drilling hazards are well known in the art. The causes of each type of 
20 drilling hazard are typically well known. These individual causes may be 
predicted quantitatively in some cases using methods known in the art, where a 
predetermined set of conditions are used in the quantitative analysis. In the 
invention, pre-drilling and while-drilling characterization may be performed by 
using the expected drilling conditions as a set of predetermined conditions to 
25 evaluate the individual probabilities of the existence each cause of each drilling 
hazard. These individual probabilities may be combined in some embodiments 
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using a method according to Bayes's rule to characterize the driUing hazards for 
any proposed wellbore. In some embodiments, the individual probabilities may be 
recalculated during drilling of a particular wellbore, based on data obtained during 
drilling, so that the drilling hazards may be recharacterized. 
5 A general framework in which a method according to the invention may be 

used is shown in flow chart form in Figure 1. As explained in the Background 
section herein, a risk of encountering and the consequences associated with 
encountering particular drilling hazards may be characterized by using data from 
various sources. For example, offset well data 12 may include information 

10 concerning the density of drilling fluid (mud weight) with respect to depth, 
wireline well log data (including, for example, electrical resistivity, acoustic 
velocity, density, neutron porosity, natural gamma radiation), formation fluid 
pressure test data, "leak off test data (fluid pressure tests at each casing seat 
depth), wellbore directional survey data, and any data on drilling hazards 

15 encountered during drilling of wellbores in the vicinity of a proposed wellbore. 
The term "drilling hazards" as related to this invention is defmed generally in the 
Background section herein and includes, but is not limited to, BHA component 
failure, taking a kick, formation fracture failure (indicated in some cases by lost 
drilling fluid circulation), and stuck pipe. The offset well data 12 may also include 

20 wellbore trajectories, bit sizes, casing depths, bottom hole assembly (BHA) 
configuration information (such as types and numbers of drill collars, stabilizers, 
mud motor information, bit type and diameter), and any other data related to the 
mechanics of the wells for which the data have been accumulated. 

The offset well data 12, among other data, are stored in a database 18. The 

25 physical location of the database 18 is not meant to limit the invention, but as a 
matter of convenience may be located at the system operator's office facility or the 
like, and may be accessible such as by modem/telephone line, secure Intemet 
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connection or wireless connection for use at a remote location including the 
location of the proposed wellbore. 

Where a proposed wellbore is to be drilled in an area not close to any other 
drilled wellbore, the offset well data 12 may be used to make estimates of likely 

5 earth formation properties in the proposed wellbore, using methods well known in 
the art. Such methods include making seismic survey estimates of the likely 
lithology and formation fluid pressures in the vicinity of the proposed wellbore, 
and searching the database 18 for wellbore drilling data jS-om the most similar 
lithology and fluid pressure regimes. Seismic survey data 14, obtained at the 

10 earth's surface, ocean surface or ocean bottom in some cases, are also entered into 
the database 18. As is known in the art, seismic survey data are used to make 
estimates of subsurface formation fluid pressures and to make estimates of the 
depths and positions at which target earth formations may be located in the 
subsurface. Although the seismic survey data 14 may be stored in the database 18 

15 in any suitable form such as raw shot records or correlated record sections, as a 
matter of convenience, the seismic data 14 preferably are stored in at least 
partially interpreted form. Estimates made from the seismic data, including but 
not limited to the foregoing examples which are useful in planning a well, are 
preferably stored in the database 18. 

20 Geologic data 16, including for example, inferences on the lithology, fluid 

content and thicknesses of formations expected to be encountered in the proposed 
well, may also be entered into and stored in the database 18 in any convenient 
form. Where the seismic survey data 14 are entered into the database 18 in 
interpreted form, it may be convenient to include any of the geologic data 16 in a 

25 form which can be properly correlate to the interpreted seismic data for purposes 
of improving drilling hazard risk assessment, as will be further explained. 

The database 18 also preferably includes data on encountered drilling 
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hazards 17 which may be obtained from offset (nearby) wells, or from other 
drilled wells, such other drilled wells being preferably, but not necessarily in 
similar lithology and pressure regimes, and/or with similar trajectory shapes.). 
The term "trajectory shapes" as used herein refers to the overall geometric shape 

5 along the length of the wellbore and includes factors such as lateral extent from a 
surface location, and having changes in azimuth and/or inclination exceed 
particular rates ("dog leg severity"). The drilling hazard data 17 may mclude, for 
example, information on the type of hazard encountered, time the hazard was 
encountered, BHA configuration at the time of the hazard, mud weight (drilling 

10 fluid density) at the time of encountering the hazard, directional survey 
information from the well in which the hazard was encountered, the drilling 
operation being performed at the time the hazard was encountered, and the 
formations penefrated by the well at the time the hazard was encountered. The 
hazard data 17 also preferably include information on what remedial action was 

1 5 taken to overcome the hazard, whether the remedial action was successfiil, and the 
cost in either or both economic and effort terms to take the remedial action (which 
may require information about the time-incremental cost of running the drilling 
operation). As is the case for the geologic data 16, preferably the drilling hazard 
data 17 are correlated to interpreted versions of the seismic survey data 14 when 

20 entered into the database 18. 

The foregoing data 12, 14, 16, 17 when stored in the database 18, provide a 
basis for evaluating prospective drilling hazards in a proposed wellbore. 
Generally speaking, a proposed wellbore will include data 20 on expected 
wellbore trajectory, expected casing depths, expected casing sizes, expected mud 

25 weights with respect to depth, expected formations to be penetrated, expected 
formation fluid pressures and fracture pressures, and costs to reach the projected 
target formations. The proposed well data 20, also referred to herein collectively 
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as a "well plan" are entered into a computer 10, which can access the previously 
described data resident on the database 18, to calculate risk of encountering 
drilling hazards in the proposed well, the location of the hazards, and the expected 
magnitude and cost to remedy the hazards if encountered, as shown generally at 

5 22. Generally speaking, the data 20 from the proposed wellbore are compared 
with hazard analysis from offset wells and any other available information about 
the formations in which the hazards were encountered, to make a quantitative 
estimate of the risk of encountering drilling hazards along the proposed wellbore. 
In preferred embodiments of the invention, a program operates on the computer 10 

10 to make calculations related to the characteristics of drilling hazards, and displays 
them, in a manner such as explained below. The data 20 typically include 
elements such as the well trajectory, casing depths and sizes, the spatial position of 
target formations, bottom hole assembly (BHA) configuration, formation fluid 
pressures, incremental drilling costs, drill bit types and sizes, and proposed drilling 

1 5 operating parameters, including mud flow rate, rotary speed (RPM) and axial force 
on the bit (weight on bit -"WOB"). 

A preferred method for calculating risk of encountering drilling hazards is 
based on a method for generating and updating common earth models described in 
patent application serial no. 09/502,920, filed on February 11, 2000 and assigned 

20 to the assignee of the present invention. Generally speaking, the method disclosed 
in the '920 application includes generating an initial parameterized model of earth 
formations. The initial model includes an estimate of the uncertamty of the model 
parameters. Data acquired from selected sources relevant to the model of the earth 
formations are then incorporated into an updated model which includes effects 

25 thereon of the acquired data. The updated model includes an updated estimate of 
the uncertainties of the model parameters. When any additional data are acquired, 
the model and the uncertainties of the model parameters are updated to include 
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any effects of the additional data. The method described in the '920 appUcation is 
based on Bayes's rule for calculating probability distribution functions. 

In various embodiments of a method according to the invention, an initial 
model of the structure and fluid content of the earth formations, including 
pressures thereof, can be made from the previously described offset well data 
and/or surface seismic survey data ("initial earth model") and any correlative well 
date from more distant wells, as previously explained, where offset well data are 
unavailable. The initial earth model will include uncertainties as to various 
geologic structure parameters, such as zone thicknesses, earth formation spatial 
positions, and fluid pressures. Risk of encountering selected drilling hazards, and 
a most likely consequence of encountering any of the selected hazards may be 
constructed using techniques known in the art based on a proposed well plan, 
available drilling cost data, and by using a most likely set of parameters for the 
initial earth model. 

Hazards may be characterized according to whether conditions likely to 
result in a hazard exist, given the initial earth model and the initial proposed well 
plan. For example, a risk of differentially stuck pipe may exist where a proposed 
mud weight exceeds a likely formation fluid pressure in an earth formation which 
is permeable. The magnitude of this risk maybe increased where the proposed 
wellbore trajectory include a high degree of likely contact between the wellbore 
wall and the drilling tool assembly. Such conditions will exist, for example, where 
the wellbore trajectory changes rapidly (high "dog leg severity"). Based on the 
initial earth model, and the proposed mud weight and dog leg severity, a risk of 
encountering a stuck pipe hazard may be characterized in any selected quantitative 
manner. The magnitude of the risk will depend at least in part on the uncertainty 
in the earth model. Those skilled in the art will appreciate that this uncertainty 
will be related to the quantity and relevance of the data used to generate the initial 



12 



PATENT APPLICATION 
ATTORNEY DOCKET NO. 19.0299 US NP 
)R&OREF 09428/026001) 

earth model. As one example, having a fluid pressure test in a particular earth 
formation will reduce the uncertainty of estimating the expected fluid pressure in a 
proposed wellbore where the proposed wellbore is highly likely to penetrate the 
same earth formation. Predictions about the existence of a stuck pipe or kick 

5 hazard, which depend to a great extent on formation fluid pressure estimates, will 
as a result have a much lower degree of uncertainty than predictions based only on 
seismic estimation of formation fluid pressure. The method for updating common 
earth models disclosed in the '920 patent application, for example, includes 
methods for calculating uncertainty of the model based on quantity and quality of 

10 data used to generate the model, based on Hayes's rule. 

One example of using the drilling hazard risk and consequences thus 
determined is shown in general form in the flow chart of Figure 2. The hazard 
information calculated as previously explained may be displayed 24 in any manner 
convenient for evaluation by a system operator. The term "system operator" or 

15 "operator" as used in this description is intended to mean a well drilling 
supervisor, drilling engineer, drilling rig supervisor or any other person charged 
with designing a well plan or constructing a wellbore according to a well plan. 
Examples of such displays will be explained later in more detail. At 26, the 
wellbore data are updated. Updating may take one of two general forms. A first 

20 such form includes data obtained while the proposed wellbore is actually being 
drilled, or a segment thereof has actually been drilled. These obtained data may 
include (but are not limited to), for example, wireline well log measurements, 
seismic checkshot survey measurements, formation fluid pressure measurements, 
actual casing depths, leak off test measurements, drilling fluid pressure 

25 measurements, and measurements which related the velocity of pipe movement to 
bottom hole driUing fluid pressure (swab and surge effect). Based on the data 
obtained from the wellbore as it is being drilled, the computer (10 in Figure 1) 
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may recalculate the relevant drilling hazard data (such as shown in Figure 1 at 22). 
The recalculated hazard data 22 are displayed for evaluation at 28 in Figure 2. In 
some embodiments, the recalculated hazard data 22 may be calculated by the 
computer (10 in Figure 1) substantially in real time as the obtained data are 
measured and transferred to the computer. Other embodiments may enable the 
system operator to instruct the computer (10 in Figure 1) to perform the 
recalculation at selected times, at selected time intervals, or upon specifically 
instructing the computer. 

A second manner of updating the proposed well data includes adjusting any 
aspect, element or parameter of the proposed well plan, including, but not limited 
to, changing proposed casing depths, BHA configurations, drilling fluid densities 
at any depth in the wellbore, any of the proposed drilling operating parameters 
such as WOB and RPM and any part of the proposed wellbore trajectory. 
Changing the proposed well plan may be performed prior to commencement of 
any drilling on the well, or may be performed, as will be further explained, during 
the actual drilling of the wellbore so that adjustments to the uncompleted portion 
of the well plan may be made in the event any drilling hazards become more likely 
to be encountered, have more severe consequences, or have higher cost to remedy 
when recalculated to account for the data obtained during drilling of the wellbore. 

For either type of drilling hazard calculation update, the drilling hazard data 
are displayed for evaluation, as shown at 28 in Figure 2. At 30 in Figure 2, the 
system operator or wellbore operator makes a determination as to whether any or 
all particular hazards displayed carry with them an acceptably small level of risk 
acceptably small consequences, acceptably small cost to remedy, or any 
combination thereof which in the judgment of the wellbore operator or system 
operator do not require changing the initial well plan. If this is the case, as shown 
at 34, the initial well plan will remain unchanged, and drilling may continue 
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according to the initial well plan. If any of the identified drilling hazards carry 
what are believed to be any unacceptable combination of risk and/or consequences 
and/or cost to repair, the operator may, as shown at 32, adjust the drilling plan and 
cause the computer (10 in Figure 1) to recharacterize the drilling hazards. This 

5 may require one or more iterations of adjusting the well plan 32 to find an adjusted 
well plan which has an acceptable combination of risk of encountering, 
/ consequences and/or cost to repair any particular drilling hazards. 

As previously explained, various embodiments of the invention use any 
available data on the earth formations and drilling experience elsewhere to make 

10 quantitative estimates of the risk of, and consequences of, encountering drilling 
hazards in a particular wellbore. A particular feature of the invention, which is 
explained in general terms by reference to Figure 3, includes updating the 
information in the database (18 in Figure 1) and recharacterizing any drilling 
hazards determine in the proposed wellbore based on the new data resident in the 

15 database (18 in Figure 1). Recharacterization, as previously explained, is typically 
performed on the computer (10 m Figure 1). In some embodiments, as previously 
explained, the data used for recharacterization may be updated during the drilling 
of the wellbore. In some embodiments, also as previously explained, the data may 
be updated substantially in real time, such as where measurement-while-drilling 

20 (MWD) and/or logging-while-drilling (LWD) instrumentation is used in the BHA 
to drill the wellbore. In Figure 3, the hazard characterization (calculation) data are 
displayed at 36. 

In some embodiments, drilling hazard characterization may change as a 
result of encountering a "near miss", as shown at 38. A near miss may be 
25 described as an event during wellbore drilling which did not result in substantial 
lost operating time, or may be described as encountering a drilling hazard having 
sufficiently small consequences or insignificant cost to repair, as to be 
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conventionally regarded as not actually having encountered a drilling hazard. For 
example, "gas cut" of the drilling mud during drilling may require some increase 
in mud weight to avoid more serious consequences, but may otherwise not be 
recorded in a typical driller's record as the equivalent of taking a kick. However, 

5 gas cut mud is one indication of rising formation fluid pressure, and when the data 
relating to the formations penetrated which result in the gas cut, and the magnitude 
of the gas cut, are entered 46, into the database (18 in Figure 1), it may be the case 
that risk of taking a kick in deeper earth formations, as recalculated 48 in the 
computer (10 in Figure 1), may increase to a point that in the operator's judgment 

10 such risk becomes unacceptable. This situation may, in the operator's judgment, 
require a change in the proposed well plan. The change in well plan would be 
effective starting from the current wellbore position along the initial well plan at 
the time of the near miss event. Alternatively, the wellbore may be allowed to 
progress as originally planned if the recalculated risk/consequences are determined 

15 to be acceptably small. In either case, the near miss data are used to update the 
data in the database (18 in Figure 1) to enable recharacterization of drilling 
hazards in respect of the newly acquired data. As is the case for any other form of 
data acquired during drilling of the wellbore, the recharacterization may take place 
substantially in real time, or may be performed at selected times by the system 

20 operator. 

In other drilling cases, an actual hazard may be encountered, as shown at 
40. Magnitude of consequences of the encountered hazard, and the action needed 
to remedy the consequences of encountering the hazard, as shown at 44, are then 
entered, as shown at 46, into the database (18 in Figure 1). The entered hazard 
25 data are then used to recharacterize, as shown at 48, any other hazards expected 
along the remaining (undrilled) part of the proposed wellbore. It may also be the 
case that encountering a hazard results in new hazards being determined to exist 
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where the prior characterization did not make such determination. In either event, 
the recharacterized driUing hazards may cause the system operator to elect to 
change to one or more aspects of the remaining (as yet undrilled) part of the initial 
or adjusted well plan. Example of recharacterized hazards include (but are not 
5 limited to) recalculation of risk of taking a kick where initial formation fluid 
pressure estimates were based primarily on surface seismic survey mterpretation. 
As is known in the art, resistivity measurements made during drilling of a wellbore 
(such as by LWD) may be used to estimate pressure in formations as yet to be 
drilled. An estimate of pressures made during drilling from MWD resistivity may 
10 not reflect the actual formation fluid pressure because the only "calibration" of the 
resistivity information is based on surface seismic surveys. Taking a kick, for 
example, would provide a pressure calibration with respect to LWD resistivity, so 
that the remainder of the well could be drilled relatively more safely, and any 
future wellbores m the same area would be planned in respect of the pressure data 
15 acquired as a result of the kick. Similar resuhs may also be obtained using 
formation fluid pressure tests or gas cut in the absence of actually taking a kick. 

In some embodiments, the encountered hazard data may result in 
recharacterization of hazards in proposed wellbores which are not yet drilled. In 
this event, the operators of such as-yet-undrilled wells may adjust the initial well 
20 plans of such as-yet-undrilled wells according to the process described with 
respect to Figure 2 to reduce the calculated risk and/or consequences of 
encountering such hazards. 

A general overview of how a method accordmg to the invention can be 
used during drilling of a wellbore to update or adjust a well plan is shown in 
25 Figure 4. At 47 an interactive display includes the position along the proposed 
wellbore trajectory of any drilling hazards previously determined from analysis of 
offset well data 64 where available, or from other sources such as seismic surveys 
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and geologic analyses of similar geologic environments to the one in which the 
wellbore is being drilled. During the drilling of the wellbore, the position in space 
of each point along the actually drilled part of the wellbore trajectory is 
determined from survey measurements such as single-shot, multishot magnetic 

5 surveys, gyroscopic surveys or measurement while drilling (MWD) surveys. The 
actual display format used is a matter of choice for the system designer, but as 
explained previously in the Background section herein, three-dimensional (3-D) 
projections of expected subsurface formation structures, and wellbore trajectories 
plotted thereon, provide advantages in ability of the system operator to evaluate 

10 drilling hazards and corrective action therefor. One type of 3-D display is 
described in, J. Holt et al, Mungo Field: Improved Communication through 3D 
Visualization of Drilling Problems, paper no. 62523, Society of Petroleum 
Engineers, Richardson, TX (2000). The display described in the Holt et al. 
reference includes a projection of 3-D subsurface structure with proposed well 

15 trajectories plotted thereon, including a color-coded representation of type of 
hazard, magnitude of the risk of encountering the hazard, and severity of 
consequences of encountering the specific drilling hazard along the proposed 
wellbore trajectory. Other advantageous types of hazard displays will be further 
explained. 

20 The operator has the ability, in this embodiment, to adjust any element of 

the initial well plan, mcluding but not limited to trajectory, BHA configuration 
and/or bit type, casing depths, drilling fluid densities, and any drilling operating 
parameters such as rotary speed, weight on bit and mud flow rate. Changing prior 
planned drilling operating parameters may affect ROP in selected segments of the 

25 wellbore, and may in some cases be determmed during recharacterization to 
reduce drilling hazard risk and/or consequences. The drilling hazards are 
recharacterized and then displayed for review by the system operator. The system 
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operator may change any of the well plan elements again, and the computer (10 in 
Figure 1) will recharacterize the drilling hazards and display them in the selected 
manner. This process may be repeated, in some embodiments, until the risk, 
consequences and/or cost to remedy any drilling hazards are believed by the 

5 system operator to be acceptable. In some embodiments, an adjusted well plan 
may be determined when the risk of encountering any particular hazard is 
minimized. Alternatively, an adjusted well plan may be determined when 
consequences of encountering any particular drilling hazard are minimized. Yet 
another alternative would be to have the well plan adjusted so that the expected 

10 cost to drill the wellbore is minimized. Such a minimum cost calculation would 
take into consideration factors such as the incremental cost of drilling the well 
(such as that daily cost to operate a drilling rig), and the amount of lost operating 
time expected as a result of encountering and repaying any particular drilling 
hazard. 

15 As is known in the art, the true position in space of every point along the 

wellbore is subject to some degree uncertainty as a result of inherent inaccuracy 
and unprecision in the survey measurements made by the selected survey 
instrument. The uncertainty in one embodiment, as shown at 62, can be estimated 
using a Bayesian method, as previously explained, to provide a probability 

20 distribution of the likely absolute position of every point along the drilled wellbore 
trajectory. Other embodiments may include calculation of positional uncertainty 
of the wellbore according to the accuracy limits of the survey instrument that are 
well known in the art. The probability distribution of the wellbore position will 
affect the probability of and the degree of severity of encountering the previously 

25 determined drilling hazards. As the wellbore is being drilled, and the probability 
distribution 62 of the position of the wellbore in space is determined, a 
recalculation of the risk of encountering and the severity of the consequences of 
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encountering any of the drilling hazards is performed and displayed, at 47. A 
probability distribution of the likely position of the wellbore at each point along 
the trajectory can be calculated according to a method adapted from the '920 
patent application referred to previously herein, or by other methods known in the 
5 art. 

As shown in box 47 in Figure 4, alarms or other types of indicators may 
also be provided or otherwise included with the display 47 to particularly call to 
the attention of the system operator the existence of any risk of preselected 
probability, or consequence of any preselected magnitude. In the interactive 

10 display 47, the system operator can adjust any of the elements of the initial or 
adjusted well plan, including wellbore trajectory, expected drilling fluid density, 
casing depths and sizes, among other wellbore plan elements. The adjustment is 
made to determine any changes in the risk and/or consequences of drilling hazards 
as a result of adjusting the well plan elements. The system operator can then 

15 review the recalculated display 47. As is the case for the type of display, the 
actual type of alarm or indicator is a matter of discretion for the system designer. 
One suitable example of an alarm for representing likelihood of taking a kick, for 
example, is shown in U. S. patent no. 5,952,569 issued to Jervis et al. In general 
terms, an alarm may be a representation on a display or an actuation of a device 

20 intended to call the attention of the system operator when a value of a selected 
parameter crosses a selected threshold. 

As previously explained, positions in space of various target and/or hazard- 
bearing earth formations can be initially estimated using offset wellbore data 
and/or surface-conducted seismic survey data. Preferably, these initial estimates 

25 of position are also made using a Bayesian probability distribution analysis of the 
most likely positions. In some embodiments of the invention, a correlation 
between the spatial position of these formations and initial seismic-survey derived 
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estimates of the spatial positions, can be udpated using seismic while drilling data, 
at 66. Seismic while drilling may in some embodiments be a "checkshot" survey, 
in which a seismic receiver is positioned at selected intervals along the wellbore, 
and a seismic source is actuated at the earth's (or ocean) surface. Measurements 

5 from the receiver are used to determine, among other data, a seismic travel time 
from surface to each of the selected positions in the wellbore. Other seismic while 
drilling methods known in the art include drill bit-source VSP surveys such as a 
service sold under the trade name DBSeis by Schlumberger Technology 
Corporation, Sugar Land, TX, also the assignee of the present invention. The 

10 seismic while drilling data are used, at 68, to recalculate or update a time/depth 
conversion of any seismic surveys made entirely at the earth's surface. Previously 
determined estimates of formation positions in space and estimates of expected 
formation lithologies and fluid pressures may be redetermined, at 70, using the 
seismic data obtained during drilling of the wellbore. As is the case for the spatial 

15 position of the wellbore trajectory, at 62, the probability distributions of the 
positions in space, lithologies and fluid pressures, are preferably determined, at 49, 
using a Bayesian probability distribution calculation method such as disclosed in 
the '920 application. Based on the revised determmations of the spatial positions, 
lithologies and fluid pressures of formations to be drilled in the wellbore, risk and 

20 severity of hazards may be recalculated and shown on the display 47. 

Methods for estimating formation fluid pressures before drilling a well, and 
for refining those estimates based on formation data obtained during and after 
drilling, are knovm in the art. The revised estimates of positions in space, at 49, 
may be used in conjunction with data obtained during the drilling of the wellbore, 

25 at 58, which may include acoustic velocity measurements, formation resistivity 
measurements, and wellbore pressure measurements, to revise any previously 
made predictions of expected formation fluid pressures. The revisions to the fluid 
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pressure estimates may also be used to generate a probability distribution, at 52, of 
the most likely expected fluid pressures, in respect of uncertainty in the 
measurements used to refine the earlier estimates, and the inherent uncertainty in 
the method of making the pressure estimates. The revised formation fluid pressure 
5 estimates are used, at 50, to estimate probable minimum and maximum safe 
drilling fluid densities ("safe mud window"). The revised estimates of minimum 
and maximum safe driUing fluid densities may then be used to recalculate the risk 
of encountering, and the severity if encountered, of drilling hazards. The 
recalculated risks and severities are displayed at 47. 
10 At 56, measurements made during the drilling of the wellbore may include, 

for example, wellbore pressure measurements, images (such as from resistivity or 
acoustic reflectance) of the surface of the wellbore, and formation parameters such 
as acoustic compressional and shear velocities. Such measurements may be used 
to estimate in-situ stress of the earth formations, as shown at 54. Methods for 
15 determining in-situ stress from well log measurements and seismic surveys are 
known in the art. Calculation of in-situ stress is used in some embodiments of the 
invention to determine risk of one cause of stuck pipe, namely collapse of the 
wellbore where the in-situ stress may exceed the strength of the formations 
penetrated by the wellbore with respect to the trajectory of the wellbore. Methods 
20 for determining the risk of wellbore collapse, and consequent risk and severity of a 
stuck pipe hazard are described, for example, in N. Last et al., An Integrated 
Approach to Evaluating and Managing Wellbore Instability in the Cusiana Field, 
Colombia, South America, paper no. 30464, Society of Petroleum Engineers, 
Richardson, TX (1995). Other factors which may result in stuck pipe, and 
25 techniques for mitigating the effects of stuck pipe, are described, for example, in 
U. S. patent no. 5,508,915 issued to Tsao et al, and in Q. Sharif, A Case Study of 
Stuck Drillpipe Problems and Development of Statistical Models to Predict the 
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Probability of Getting Stuck and if Stuck, the Probability of Getting Free, Ph.D. 
thesis, The Texas A & M University (1997). Risk of stuck pipe, and the degree of 
severity of a stuck pipe event, as previously explained, can be displayed 
graphically at 47. As for the other drilling hazards, the risk of encountering and 

5 the consequences of encountering stuck pipe are preferably determined according 
to a Bayesian probability distribution calculation, such as one disclosed in the '920 
patent application referred to earlier herein. 

After characterization, the drilling hazards should be displayed in a manner 
suitable for evaluation by the system or wellbore operator. A particularly 

10 advantageous form of display of drilling hazards determined using the method of 
the invention is shown in Figures 5-8. Figure 5 shows a depth "track" presented as 
a conventional scale or grid calibrated in measured depth (length along the 
wellbore trajectory) and true vertical depth. Methods for generating such displays 
are well known in the art. Figure 6 shows a preferred example for indicating the 

15 probability of and severity of drilling hazards bemg encountered along the 
wellbore trajectory. The display shown in Figure 6 is preferably correlated to the 
depth display of Figure 5. Using this kind of depth correlated display, the system 
operator will be able to view the drilling hazards which may be encountered 
during the drilling of the wellbore with respect to their position along the wellbore 

20 trajectory. In the display of Figure 6, each hazard is categorized as to its severity 
of effect by a shading code or color code. The probability of occurrence my be 
categorized by the one of color code or shading code not used to represent the 
severity of consequences. The numbers 1-9 in each one of the identified hazards 
corresponds to a textual description of each hazard and possible remedial action 

25 which may be taken to avoid the hazard or to ameliorate its effects if the hazard is 
encountered. An example of corresponding textual description is shown in Figure 
7, where hazards 1-8 from Figure 6 are described by text indicated by the 
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corresponding reference numeral. 

Figure 8 shows one example of a "wellbore stability" display, which may 
include, with respect to depth (track shown in Figure 6) an expected formation 
fluid pressure, an expected formation fracture pressure, and proposed drilling fluid 
5 density (mud weight). The display of Figure 8 may assist the operator by showing 
places where differentially stuck pipe, taking a kick and or lost circulation may be 
encountered by a representation of the expected pressures. 

In each of the example displays of Figures 5-8, the system operator may 
change various elements of the proposed well plan, including trajectory, drilling 
10 fluid densities, casing depths and wellbore diameter along the wellbore to evaluate 
the risks and consequences of encountering drilling hazards. In cases where the 
risks and/or consequences of particular hazards are believed to be too high, the 
system operator may change one of more elements of the well plan, as previously 
explained, and review the recalculated drilling hazard risks and consequences. For 
15 example, after changing one or more elements of the proposed well plan, some of 
the drilling hazards (1-8 in Figure 6) may no longer appear on the hazard display. 
Conversely, other hazards not previously shown may appear on the hazard display. 
The system operator may in response choose to further change the one or more 
elements of the proposed well plan, again evaluating the displayed hazards, until a 
20 suitable well plan is determined. 

Similarly, and as explained with reference to Figures 2 and 4, during 
drilling of a wellbore, measurements of earth formation properties and seismic 
travel time may be made. These measurements may be used in some 
embodiments to recalculate the risk and consequences of the various drilling 
25 hazards to be encountered on the as yet undrilled portion of the wellbore. It is also 
possible, in some cases, that a new drilling hazard becomes identified as likely 
based on the measurements made during drilling, or that a previously identified 
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hazard is later determined to be unlikely based on the measurements made during 
drilling. Such redeterminations of drilling hazard risk and consequences will be 
displayed (47 in Figure 4) whereupon the system operator may elect to change at 
least one element of the remaining portion of the well plan in response thereto. 
5 Just as for an initial well plan, the system operator may change the one or more 
elements of the plan for the undrilled portion of the well, reevaluate hazards, and 
continue the change and reevaluation until a suitable plan for the undrilled portion 

of the wellbore is obtained. 

A suitable adjusted well plan for drilling a wellbore may be determined 

1 0 with respect to a number of different criteria. In some cases, the wellbore operator 
may wish to reduce the total amount of lost time (time spent not in active drilling 
of additional wellbore) caused by the need to remedy the effects of having 
encountered drilling hazards. When each type of drilling hazard is characterized, 
the likely consequences preferably include the type and amount of effort needed to 

15 remedy the problem caused by the drilling hazard.. For example, taking a kick 
may include a calculatable amount of time needed to circulate out the fluid influx 
in the wellbore, and an amount of weighting material needed to increase the 
drilling fluid density to overcome the formation fluid pressure. As another 
example, a stuck pipe hazard may include an amount of circulating and jarring 

20 time necessary to dislodge the stuck pipe, and possible set an additional casing 
string or include a lubricity agent to reduce the probability of sticking the pipe 
again. As yet another example, it may be known that maintaining a selected rotary 
drilling speed (RPM) increases the drilling rate of penetration (ROP), but when 
particular BHA configurations are used, a destructive BHA failure resulting from 

25 vibration may result. An amount of time, and cost necessary to replace the broken 
BHA components can be estimated prior to the hazard, and will form part of the 
operator's decision making process. 
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In each of the foregoing hazard examples, the operator may elect to accept 
the hazard risk, based on a calculation by the computer (10 in Figure 1) that a most 
likely outcome would provide a minimum economic cost to drill the wellbore 
according to an optimized well plan. An economic cost will depend on, among 

5 principal factors, a cost of operating a drilling rig used to drill the wellbore. In 
some cases, the operator may determine that a particular degree of risk is 
unacceptable because of the amount of time likely to be needed to repair the 
consequences of encountering a particular drilling hazard. In some cases, 
therefore, the operator may adjust the well plan to provide a minimum amount of 

10 Ukely lost operating time. In still other cases, it may be known that certain types 
of drilling hazards have such extreme probable consequences, that it is preferable 
to adjust the well plan to minimize the risk of encountering such hazards, even if 
the most likely economic cost and/or lost time would otherwise be acceptable. An 
example of such a case would include taking a kick in a wellbore drilled in very 

15 deep ocean water, where fracture pressures of earth formations below the sea floor 
are relatively limited by the low overburden of the sea water above. 

While the invention has been described with respect to a limited number of 
embodiments, those skilled in the art will appreciate that other embodiments can 
be devised which do not depart from the scope of the invention as disclosed 

20 herein. Accordingly, the scope of the invention should be limited only by the 
attached claims. 
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